The interaction between the effects of oxygen and adenosine on acetylcholineinduced contractile tension was observed in helical coronary arterial strips suspended in physiological salt solution. It was found that (1) steady-state contractile tension was unaffected or depressed 5-20% when oxygen pressure (Po 2 ) was diminished to levels as low as 5-10 mm Hg, (2) contractile tension was markedly depressed at a Po 2 of 0 mm Hg, (3) adenosine-induced relaxation of contractile tension was inversely proportional to Po 2 in the tissue bath, and (4) in the presence of adenosine at a concentration just adequate to inhibit contractile tension at a Po 2 of 10 mm Hg, contractile tension was directly proportional to bath Po o . The latter two observations were usually most apparent at a Po 2 between 10 and 40 mm Hg. It is proposed that the vasodilating effect of adenosine on the intact coronary vasculature may be most effective during myocardial hypoxia and that physiological control of coronary vascular tone may be more closely related to variations in local Po 2 than to variations in local concentrations of adenosine.
• Much evidence has been collected over the past few years which suggests that local regulation of blood flow through the coronary circulation is closely related to metabolic activity of the myocardium ( 1 ) . Defining a specific metabolic mechanism responsible for this regulation has proved to be a considerable task. The role of a metabolite released by the cardiac cells has received major attention since Berne (2) formally introduced the adenosine hypothesis in 1963. A role for oxygen in regulating vascular tone by direct action on the coronary vasculature has been suggested (3-5) but has not received wide acceptance. In the intact heart, it is virtually impossible to prove that vasodilation associated with changes in myocardial metabolism is a result of local hypoxia or, for that matter, of release of a vasoactive metabolite. Indeed, despite its current appeal, the adenosine hypothesis is based on circumstantial evidence obtained primarily from observations made on the intact coronary vascula-
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bath. This observation led to the proposal of a possible direct role for oxygen in regulating coronary vascular tone ( 8 ) .
Methods
New Zealand white rabbits weighing between 1.5 and 2.5 kg were used in this study. The rabbits were killed by a postcephalic blow, and helical vascular strips were cut from coronary arteries dissected from the left ventricular free wall of freshly excised hearts. In each experiment, strips were taken from three different sized segments (approximately 600, 450, and 300 fj,, o.d.) of the same artery and suspended in an isolated bath containing a physiological salt solution of the following millimolar composition: NaCl 119, KC1 4.7, KH 2 PO 4 1.18, MgSO 4 • 7H.O 1.17, NaHCO 3 14.9, CaCl 2 1.6, dextrose 5.5, sucrose 50.0, and CaNa 2 EDTA 0.026. The bath was maintained at a constant temperature of 37°C, and the pH was 7.4. The bath was bubbled with a gas mixture containing 5% CO 2 and various percents of O 2 and N 2 to attain the desired Po 2 in the tissue bath. Po 2 was measured with a Beckman macroelectrode placed close to the tissues in the bath. Isometric tension of the strip was measured with Grass FT-03 linear force transducers. Both Po 2 and tension were recorded on a Grass model 7 polygraph.
Each of the strips was stretched to apply 100-200 mg of tension. This resting tension gradually fell due to stress-relaxation, and additional strain was added following approximately 30 minutes of equilibration. The strips were equilibrated at a Po 2 of 100 mm Hg in the isolated tissue bath for 90 minutes without testing, but they were frequently rinsed. Following this period, the strips were stimulated with 0.1-1.0 Y^M acetylcholine. The concentrations used produced a response that was more than 50% of the maximum response obtained in a dose-response sequence carried out early in each experiment. After contractile tension reached a steadystate level in response to acetylcholine, the strips were rinsed so that tension fell to resting levels. Steady-state responsiveness was usually established after approximately 60 minutes of testing.
In the studies on severe hypoxia, Po 2 was changed to hypoxic levels by bubbling the bath solution with a gas mixture containing <0.1$ O 2 (with 5% CO 2 -95* N 2 ). With a moderate rate of bubbling, the Po 2 in the bath could be maintained at nearly 0 mm Hg; with an extremely slow bubbling rate, the Po 2 could be held constant at a value between 5 and 10 mm Hg. The differences in the rate of bubbling did not affect the responsiveness of the strips to agonists or adenosine.
In the studies on graded hypoxia, several different Po 2 levels were obtained in the tissue bath by using different gas mixtures, each having the percent of oxygen required to achieve the desired Pa, in the tissue bath. Each of these gas mixtures also contained 5% CO, and a balance made up of nitrogen.
When the strips were to be tested at a different Po 2 level, the Po 2 in the bath was changed and maintained at the new steady-state level for at least 5 minutes prior to stimulation. Contractile responses and the effect of adenosine on these responses at the various Po 2 levels were compared with controls at a Po 2 of 100 mm Hg obtained just before and just after testing at a given hypoxic level.
Acetylcholine and adenosine were made up into stock solutions which were kept on ice throughout each experiment. Each of these substances was administered directly into the 50-ml tissue bath at volumes between 0.05 and 0.5 ml. Concentrations are expressed in this report in terms of final bath concentration.
Results

SEVERE HYPOXIA
Effect on Contractile Tension.-Contractile responses to acetylcholine of an isolated coronary strip exposed to a Po 2 of 100 mm Hg and of 5-10 mm Hg are shown in Figure 1 . The maximal steadystate contractile responses in this strip were the same at both Po 2 levels, although the rate of tension development was slightly diminished at the low Po o . In 24 such strips, the amplitude of the contractile responses obtained at a Poo of 5-10 mm Hg was either the same (in 18 strips) or 5-20% less (in 6 strips) than that at a Po*. of 100 mm Hg. Contractile responses to 20-35 BOM KC1 and to 0.1-1 /AM histamine were also minimally affected by changing Po 2 from 100 to 5-10 mm Hg.
Strips were also stimulated with acetylcholine at a Po 2 of 0 mm Hg. The initial contractile response obtained in any given sequence at a P02 of 0 mm Hg was generally similar to that observed at 5-10 mm Hg. However, if the contractile response was permitted to persist longer than [3] [4] [5] Effect on Adenosine Activity.-Even though severe hypoxia (Po 2 of 5-10 mm Hg) in itself had little or no effect on contractile responses in the isolated coronary strips, the relaxing effect of adenosine was augmented at low Po2. Figure 2 illustrates this finding in two strips taken from large and small vessel segments (680 and 320/t). The effect of 0.1 /AM adenosine on contractile tension in 22 strips tested in this manner is shown in Figure  3A . Adenosine, 0.1 /AM, produced no relaxation in 5 strips at either high or low Po 2 . In these 5 strips, 1 /AM adenosine produced partial relaxation at high Po 2 and greater relaxation at low Po 2 . Adenosine, 1 /AM, was tested in a total of 20 strips, and the relaxing effects of adenosine on acetylcholineinduced contractile responses in each of these strips at a Po 2 of 100 and of 5-10 mm Hg are shown in Figure 3B . Strips from all portions of the coronary artery, 280-720/A, were affected in a similar manner by hypoxia.
GRADED HYPOXIA
Effect on Adenosine-Induced Relaxation.-The effects of contractile tension in a helical coronary arterial strip produced by graded doses of adenosine at different Po 2 levels are illustrated in Figure  4 . Table 1 summarizes the data obtained from 15 of 42 strips that were tested in a similar fashion. Although the contractile response to acetylcholine was not greatly affected, the relaxing effect produced by adenosine was potentiated when Po. was diminished, usually at approximately 40 mm Hg. This potentiation was increased in each strip that was tested as Po 2 was diminished in steps from 40 to 10 mm Hg. Table 1 shows that there was variation among strips with respect to the concentration of adenosine producing relaxation at each Po 2 level.
Effect on Contractile Tension in the Presence of Adenosine .- Figure 5A illustrates a contractile response to acetylcholine produced at a Po 2 of 10 mm Hg during which adenosine was added to the bath at a concentration just high enough to inhibit contractile tension. Subsequendy, P02 was altered in steps between 10 and 100 mm Hg. A total of 39 strips was tested in this fashion with adenosine present in the bath in a concentration range between 0.1 and 3 /AM. In all of these strips, with adenosine at an appropriate concentration for each strip, contractile tension was directly proportional to Po 2 in the bath, as illustrated in Figure 5A . This effect was most apparent in the Po 2 range between 10 and 40 mm Hg, since contractile tension at a Po 2 of 40 mm Hg was usually only slightly less than that at a Po 2 of 100 mm Hg. With adenosine washed out of the bath, contractile tension was relatively independent of Po 2 in a range between 10 and 100 mm Hg (Fig. 5B ).
Discussion
In 1925, Hilton and Eichholtz observed that the state of contraction of the coronary vessels in isolated heart-lung preparations from dogs was almost proportional to the Po 2 of the blood (4).
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FIGURE 2
Effect of Po t on relaxation of contractile tension produced by adenosine in helical coronary arterial strips. Adenosine, 0.1 yM, produced greater relaxation at a Po, of <10 mm Hg (right) than it did at 100 mm Hg (left). 0  93  91  72  71  100  100  100  56  90  95  89  0  100  100  95   100  100  100  0  100  100  100  78  100  93  95  48  92  90  81  0  100  100  100  65  100  100  92  85  100  100  100 Effect These workers suggested that low P02 in the coronary arterial blood produced direct vasodilation of this bed without concomitant myocardial hypoxia and, therefore, without release of vasoactive metabolites. Similar reasoning was recently revived by Daniell and Bagwell (3) in a study using intact hearts in anesthetized open-chest dogs. However, none of these workers was able to offer direct evidence in the heart in situ to support the contention that oxygen affected coronary arteriolar tone by direct interaction with the smooth muscle cells.
Our experiments with severe hypoxia showed that lowering the Po 2 to 5-10 mm Hg had no effect on or depressed by only 5-20% the steady-state magnitude of drug-induced contractile responses of helical coronary arterial strips from the rabbit heart. Only at a Poo of nearly 0 mm Hg was contractile activity markedly depressed. However, a decrease in P02 from 100 to 10 mm Hg did influence the effect of adenosine on contractile tension in these strips. Inhibition of contractile tension produced by adenosine at a Poo of 100 mm Hg was potentiated by reducing the Po 2 to 5-10 mm Hg. At high P02 1 /AM adenosine was required to produce moderate relaxation of contractile tension (Fig. 3B ), but at low Po 2 0.1 /AM frequently produced complete relaxation (Fig. 3A) . There was considerable variability from strip to strip, but, in each strip tested, the relaxation produced by adenosine at low Po 2 was greater than that at 100 mm Hg. Hypoxia clearly produced some effect, probably directly, on the vascular smooth muscle cells and appeared to sensitize the strips to adenosine.
Possibly, hypoxia triggers a nonspecific mechanism which potentiates the relaxing effect of adenosine; moreoever, hypoxia may be only one of several factors which can sensitize coronary vessels to adenosine. Figure 6 illustrates such a nonspecific mechanism, which is entirely consistent with the contention of the adenosine hypothesis (2) that changes in local concentrations of adenosine mediate the gross control of vascular tone. However, Figure 6 also proposes a counterpoint of fine control consisting of factors which may not in themselves be vasoactive but which can directly Control contractile responses of helical coronary arterial strips to acetylcholine were produced in the absence of adenosine. For any given strip, these control responses were similar at all P01 levels from 10 to 100 mm Hg.
• Test responses were obtained by adding accumulated concentrations of adenosine on top of steady-state contractile responses to acetylcholine (Fig. 4) . Numbers in the influence the sensitivity of the vascular smooth muscle cells to adenosine. One or more of these sensitizing factors operating on the coronary vasculature in situ could explain the high sensitivity of intact coronary vessels to adenosine (9) . Our experiments with graded hypoxia demonstrated that adenosine-induced relaxation was inversely related to Po^ in the range between approximately 10 and 40 mm Hg. Also tension development was directly related to Po 2 in the range between 10 and 40 mm Hg in the presence of a constant background concentration of adenosine.
Either of these effects produced by changes in Po 2 could operate in the intact coronary circulation providing that (1) Po 2 immediately around the smooth muscle cells of the intact resistance vessels is normally in a range below 40 mm Hg and (2) these small vessels behave similarly to the strips from the larger vessels studied in this investigation. Evidence from this report and from an earlier report (7) suggests that the effects of oxygen are similar in strips from all sized vessels down to those 250/u, in diameter. Extrapolating to smaller vessels, arterioles should demonstrate a similar interaction between oxygen and adenosine. Paj at the level of the small resistance vessels within the myocardium has not been reported, but extraction of oxygen from the coronary blood as it passes through the myocardium is great and results in a venous oxygen pressure below 25 mm Hg (10 (11) . Direct measurements made in cremaster muscles from hamsters or rats (12) suggest that much of the gas exchange at the tissue level takes place through the vascular wall of the precapillary resistance vessels. Po-2 in the blood within small arterioles as measured in this study was approximately 40 mm Hg or less, depending on the animal species used. All of these observations leave open the possibility that Po 2 in the vicinity of the smooth muscle cells of the small coronary vessels could normally be less than 40 mm Hg. These considerations suggest the possibility that local Po 2 could regulate vascular tone of adenosine was present in an appropriate concentration in the immediate environment of the vascular smooth muscle cells. Rubio and Berne (13) have suggested that normal myocardial cells continuously release adenosine into the surrounding interstitium. Therefore, it is conceivable that a steady-state equilibrium between release and washout could result in a particular finite concentration of adenosine which would allow oxygen to exert its direct regulatory effect under normal conditions. By the above reasoning, reactivity of small resistance vessels and concentrations of oxygen and adenosine in situ could be regulated according to the following proposal (Fig. 7) . Under physiological conditions, regulation of coronary blood flow
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occurs primarily because of changes in myocardial metabolism. The rate of oxygen consumption in the heart is largely determined by the intracellular concentrations of adenosine diphosphate (ADP) and inorganic phosphate (Pi), since these substances are largely responsible for activation of the Embden-Meyerhof pathway and the Krebs cycle (14-16). Increased energy utilization (i.e., adenosine triphosphate [ATP] breakdown) results in increased concentrations of these intermediates in the cytoplasm and mitochondria and is accompanied by an increase in ATP synthesis and oxygen consumption. Such increased oxygen consumption could cause intracellular Po-2 to drop. Consequently, Po 2 in the vicinity of the coronary arterioles (i.e., interstitial Po 2 ) would also fall and produce local vasodilation directly (Oxygen control, Fig. 7) . With the resulting increase in local blood flow, the oxygen supply would be augmented, and both interstitial and intracellular Po-2 would increase towards normal. In this manner, coronary blood flow could be adjusted to meet tissue demands for oxygen by only small changes in local Po 2 .
Since the critical Po 2 for heart cell mitochondria might be below 1 mm Hg (15) and adenosine could remain relatively unchanged. Then, a small increase in the rate of production and release of adenosine from the cells might simply tend to raise adenosine concentration back towards control levels and thereby offset the effects of increased washout brought about by the elevated rate of blood flow. Under these circumstances, the interstitial concentration of adenosine could remain at a relatively constant value. During mild nonphysiological conditions (without myocardial hypoxia-defined in this paper as an interstitial and an intramitochondrial Po 2 within the heart cell below the critical Po 2 at which the oxygen supply becomes rate limiting for oxidative energy metabolism) regulation of coronary blood flow could also be accounted for by oxygen acting directly on the vasculature. Vasodilation associated with small to moderate arterial hypoxemia (4, 17, 18) could be accounted for directly by a fall in intra-arteriolar Po. _>. Local blood flow and oxygen supply could be adjusted rapidly enough to prevent interstitial and intracellular Po 2 from falling below the critical level. Then, cellular respiration and total myocardial oxygen consumption would not be affected (4, 17, 18) , and release of adenosine from the myocardial cells would not increase. A similar explanation could apply to the vasodilation observed when the oxygen content in arterial blood is decreased. Guz et al. (19) observed this phenomenon in isolated heart preparations, using perfusion fluids with dilute hemoglobin concentrations. Providing precapillary gas exchange occurs, intraarteriolar Po 2 would fall as arterial oxygen content diminished even though arterial Po 2 was held constant.
Again, if it is assumed that intra-arteriolar Po 2 is normally below the Po 2 in arterial blood (i.e., with precapillary gas exchange), then primary changes in coronary blood flow could initiate proportional changes in vascular tone. If coronary blood flow was reduced somewhat below normal (e.g., with a small to moderate fall in perfusion pressure), intra-arteriolar Po 2 and, therefore, vascular tone would fall. With the resulting increase in blood flow back towards the control level, intra-arteriolar Po 2 and vascular tone should increase. The conditions set up by precapillary gas exchange may also explain why, under conditions of increased coronary blood flow, any given level of arterial hypoxemia is less effective as a vasodilator than it is under normal flow conditions (1, 20) .
Conditions associated with myocardial hypoxia
Circulation Rtsirrcb, Vol. XXXII, Ftbriury 1973 might result in changes in adenosine concentration within the interstitium which could also influence coronary vascular tone. For example, a primary change in the rate of coronary blood flow could affect the rates of release and washout of adenosine in such a way that the interstitial concentration of adenosine is altered. Such a change in the local concentration of adenosine might alter the apparent sensitivity of the vessels to changes in local Po 2 , alter the vascular tone directly, or both. In the present proposal, this mechanism (Metabolite control, Fig. 7 ) for control of coronary vascular tone is thought to be important only under more severe conditions such as experimentally or pathologically produced myocardial hypoxia (9, 21) , that is, under conditions in which interstitial Po 2 falls below the critical level. Under these conditions, the vessels would be especially sensitive to adenosine because of the sensitizing effect of hypoxia on the vascular smooth muscle cells (Fig. 6 ).
This proposal differs from the adenosine hypothesis suggested by Berne (2) in the following important ways. First, a direct interaction is proposed between Po 2 and vascular smooth muscle cells of the coronary arterioles. This interaction depends on the presence of some finite concentration of adenosine in the interstitium surrounding the intact coronary vessels but not on changes in local interstitial concentrations of adenosine. Control by variations in local Po 2 (either intra-arteriolar or interstitial) would be the most direct control system that could operate on the vasculature within the myocardium to coordinate myocardial metabolism and coronary blood flow. It is particularly appropriate for local control of the coronary circulation, since the myocardium functions almost exclusively via oxidative pathways. Normal function of the heart is based on a minute-to-minute balance between the supply of and the demand for oxygen. Under normal conditions, direct regulation by oxygen obviates the need for any indirect (via release of metabolite) connection between oxygen demand and blood flow.
Second, this proposal suggests that coronary blood flow could be increased during periods of elevated myocardial activity (e.g., associated with exercise) without increased loss of adenosine from the myocardial cells. Under these conditions, when augmented ATP production is likely to be most critical, it would make little sense to deplete the cells of important adenine nucleotide intermediates, such as ADP or AMP, through increased catabolism to adenosine. The present proposal implies minimal competition between the anabolic and the catabolic pathways for ADP. As long as oxygen supply keeps up with demand so that intracellular To 2 does not fall below the critical level, depletion of adenine nucleotides from the myocardial cells should be minimal. Under more severe conditions, such as with myocardial hypoxia, increased loss of adenine nucleotide breakdown products could occur. This finding has been reported (9, 21) and is consistent with the present proposal as well as with the adenosine hypothesis.
The rationale of the present proposal is based largely on the suggestion that significant gas exchange occurs across noncapillary vascular walls (11, 12, (22) (23) (24) (25) . Specifically, if oxygen is lost from the blood through the walls of the precapillary resistance vessels, intra-arteriolar Po2 could be well below arterial values and, in fact, in the smallest arterioles could approach venous Po-^ values. Considering the very thin-walled arteries in the coronary circulation, coronary blood flow could be more closely correlated with the Po 2 in the coronary sinus blood than with that in arterial blood. This expected correlation would be consistent with a mechanism dependent on either direct control by oxygen or control by the rate of release of metabolites from the myocardial cells (20, 26) .
Hypoxia could produce an inhibiting effect directly on the contractile machinery (i.e., actomyosin system) or on the excitation-contraction coupling mechanism. But these possibilities have probably never been tested. It has been suggested (27) and challenged (28) that fluctuations in the concentrations of AMP or P| within the vascular smooth muscle cells result in direct regulation of the contractile apparatus. Perhaps fluctuations in intracellular concentrations of adenosine account for changes in vascular tone. According to the present proposal, the concentration of adenosine within the vascular smooth muscle cells should not rise-and, therefore, could not account for diminished toneas long as the Po^ within the vascular wall does not fall below the critical level. Yet, since the critical Pa. level for vascular smooth muscle mitochondria is unknown and could be considerably higher than that characteristic of heart cell mitochondria, a mechanism dependent on intracellular fluctuations in concentrations of adenosine-or of any other adenine derivative produced along the ATP catabolic pathway-cannot be ruled out even under conditions which have been described herein as physiological. Furthermore, that hypoxia can regulate vascular tone under conditions in which adenosine concentrations within the myocardial interstitium remain relatively constant does not exclude the possibility that hypoxia-induced production of some other vasoactive substance(s) may be necessary, or at least important, in conjunction with direct oxygen control. Vasoactive metabolites other than the adenine intermediates could be produced in excess within the vascular smooth muscle cells or released in excess from the myocardial cells at a Po 2 which is relatively hypoxic but still above the critical level for the respective mitochondria. Indeed, a substance which may express its vasoactive properties under these conditions might not fit into the category of metabolite at all but might be a nonmetabolic intermediate (e.g., a vasoactive peptide) released during hypoxia. Also, hypoxia could produce vasodilation by causing a change in the ionic influx-efflux balance so that a change in the smooth muscle intracellular ionic make-up occurs. Also, hypoxia could cause a change in the extracellular environment through release of specific ion species (e.g., K + ) from the surrounding heart cells. Finally, it has been suggested (5, 29) that hypoxia could result in diminished ATP production and, therefore, decrease the energy available for contraction of the smooth muscle cells. Again, for this mechanism to be consistent with the present proposal, oxygen supply would have to become rate limiting for smooth muscle oxidative metabolism at a Po 2 considerably above 1 mm Hg. That is, the critical Po 2 for the vascular smooth muscle cell mitochondria would have to be greater than that for heart cell mitochondria.
These possibilities for explaining the relationship between P02 and vascular tone must be considered in light of the findings described in this investigation. They show that hypoxia is effective in inhibiting contractile tension only if a low background concentration of a vasodilator (adenosine) is present. Hypoxia could produce, by one or another of the above mechanisms, a subthreshold relaxing effect which either adds to or potentiates that of adenosine. Hypoxia could inhibit vascular tone by itself, but, under the conditions utilized in this study, dus effect simply was not demonstrated. However, hypoxia could also produce a true sensitizing effect as proposed in Figure 6 ; in this case, it may not act to inhibit tone by itself but may lead to a relaxing effect only by facilitating the It is appropriate at this point to be certain that a clear distinction is made between the terms oxygen control and metabolite control. These terms are intended to imply that extrinsic control over vascular tone is dependent on either a direct effect of oxygen lack (oxygen control) or a direct effect of an intermediate metabolite (metabolite control) on the vascular smooth muscle cells. (The possibility that oxygen lack or metabolites are producing effects on vascular smooth muscle cells via a direct effect on some nonsmooth muscle component of the vascular wall cannot be excluded with certainty.) These terms may be confusing since it is possible that direct control of the vasculature by oxygenoxygen control-may incorporate intrinsic mechanisms (i.e., mechanisms within the vessel wall and most likely within the smooth muscle cells themselves) which involve production of vasoactive substances (e.g., metabolites) during hypoxia.
